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METHOD AND APPARATUS FOR 
MEASURING SUBSTRATE TEMPERATURES 

This is a continuation-in-part of US. Ser. No. 08/641, 
477, ?led May 1, 1996, now US. Pat. No. 5,755,511, Which 
is a continuation-in-part of US. Ser. No. 08/359,302, ?led 
Dec. 19, 1994, now US. Pat. No. 5,660,472. 

BACKGROUND OF THE INVENTION 

The invention relates to techniques for making improved 
noncontact temperature measurements of a semiconductor 
substrate by correcting measurements of substrate tempera 
ture and by compensating for the emissivity sensitivity 
variations across the surface of the substrate. 

In many semiconductor device manufacturing processes, 
the required high levels of device performance, yield, and 
process repeatability can only be achieved if the temperature 
of a substrate (e.g., a semiconductor Wafer) is tightly con 
trolled during processing. To achieve that level of control, it 
is often necessary to measure the substrate temperature in 
real time and in situ, so that any unexpected temperature 
variations can be immediately detected and corrected for. 

For example, consider rapid thermal processing (RTP), 
Which is used for several different fabrication processes, 
including rapid thermal annealing (RTA), rapid thermal 
cleaning (RTC), rapid thermal chemical vapor deposition 
(RTCVD), rapid thermal oxidation (RTO), and rapid thermal 
nitridation (RTN). In the particular application of CMOS 
gate dielectric formation by RTO or RTN, thickness, groWth 
temperature, and uniformity of the gate dielectrics are criti 
cal parameters that in?uence the overall device performance 
and fabrication yield. Currently, CMOS devices are being 
made With dielectric layers that are only 60—80 A thick and 

for Which thickness uniformity must be held Within :2 This level of uniformity requires that temperature variations 

across the substrate during high temperature processing 
cannot exceed a feW ° C. 

The Wafer itself often cannot tolerate even small tempera 
ture differentials during high temperature processing. If the 
temperature difference is alloWed to rise above 1—2° C./cm 
at 1200° C., the resulting stress is likely to cause slip in the 
silicon crystal. The resulting slip planes Will destroy any 
devices through Which they pass. To achieve that level of 
temperature uniformity, reliable real-time, multi-point tem 
perature measurements for closed-loop temperature control 
are necessary. 

Optical pyrometry is being Widely used for measuring 
temperatures in RTP systems. Pyrometry exploits a general 
property of objects, namely, that objects emit radiation With 
a particular spectral content and intensity that is character 
istic of their temperature. Thus, by measuring the emitted 
radiation, the objects temperature can be determined. A 
pyrometer measures the emitted radiation intensity and 
performs the appropriate conversion to obtain temperature 

The relationship betWeen spectral emitted intensity and 
temperature depends on the spectral emissivity of the sub 
strate and the ideal blackbody radiation-temperature 
relationship, given by Planck’s laW: 

2C1 (l) 

Where C1 and C2 are knoWn constants, K is the radiation 
Wavelength of interest, and T is the substrate temperature 
measured in ° K. According to an approximation knoWn as 
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65 

2 
Wein’s distribution laW, this expression can be reWritten as 
follows: 

122. (2) 
IbQ, T) 2: K(/\)-@ AT 

Where K(>\,)=2C1/)\,5. This is a good approximation for 
temperatures beloW about 2700° C. 
The spectral emissivity e()t,T) of an object is the ratio of 

its emitted spectral intensity I()»,T) to that of a blackbody at 
the same temperature Ib(>\,,T). That is, 

Since C1 and C2 are knoWn constants, under ideal 
conditions, the temperature of the Wafer can be accurately 
determined if E(>\,,T) is knoWn. 
As Was described previously, variations in temperature 

across the surface of a substrate of more than a degree or tWo 
may result in damage to the substrate and undesirable 
process variations. One method for monitoring the tempera 
ture at various localiZed regions of the substrate includes the 
use of a plurality of temperature probes (pyrometers or the 
like). In these multi-probe systems, temperature readings 
from the various probes can be used for real-time control of 
the heating element in the RTP of substrates. 

HoWever, despite its Widespread use in the semiconductor 
industry, optical pyrometry still suffers from limitations due 
to an inability to accurately measure the emissivity of the 
substrate. Moreover, even if the emissivity of the substrate 
is knoWn at a given temperature, it may change With 
temperature. The changes are usually not accurately mea 
surable and thus they introduce an unknoWn error into the 
temperature measurements. Errors on the order of 10° C. or 
more are not uncommon. 

The spectral emissivity of a substrate depends on many 
factors, including the characteristics of the Wafer itself (e.g. 
temperature, surface roughness, doping level of various 
impurities, material composition and thickness of surface 
layers) and the process history of the Wafer. Another related 
term is the effective emissivity of an object. The effective 
emissivity is the ratio of the measured spectral intensity 
emitted by the object to that of a blackbody at the same 
temperature. The effective emissivity of an object differs 
from the spectral emissivity for the same object in that the 
effective emissivity takes into account the environment in 
Which the object resides. The effective emissivity of a 
substrate may be in?uenced by the characteristics of the 
process chamber in Which the substrate is positioned. 
Therefore, a priori estimation of substrate emissivity cannot 
provide a general purpose pyrometric temperature measure 
ment capability. 

In addition, the environment at each probe in a multi 
probe system is unique. A pyrometric probe positioned in 
one of these unique environments may exhibit sensitivity to 
substrates having particular emissivity characteristics, intro 
ducing an error component in the temperature reading. 
Across the surface of the substrate, one or more of the probes 
may exhibit differing sensitivities to the emissivity of the 
substrate (hereinafter referred to as emissivity sensitivity 
across the surface of the substrate). Substrates having a 
generally loW emissivity level may exhibit large variations 
in emissivity sensitivity over the surface of the substrate. 
Accordingly, a multi-probe temperature measurement sys 
tem Which does not account for variations in the emissivity 
sensitivity across the surface of the substrate may produce 
less than optimal results. 
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Systems Which only seek to compensate for emissivity 
errors by a singular approximation of emissivity for the 
entire substrate Will lead to acceptable results; hoWever, 
room for improvement eXists. 

SUMMARY 

In one aspect, the invention provides a method for cor 
recting temperature probe readings in a thermal processing 
chamber for heating a substrate and includes calibrating the 
thermal processing chamber to derive emissivity sensitivity 
factors for each probe, forming a re?ecting cavity on one 
side of the substrate and heating the substrate to a process 
temperature. Using a ?rst probe, a second probe and at least 
a third probe energy may be sampled from the re?ecting 
cavity. The ?rst probe may have associated thereWith a ?rst 
effective re?ectivity and the second probe may have asso 
ciated thereWith a second effective re?ectivity, Wherein the 
?rst and second effective re?ectivities are different. The 
sampled energy from the ?rst second and third probes may 
produce ?rst, second and third temperature indications, 
respectively. From the ?rst and second temperature 
indications, an effective emissivity for the substrate may be 
derived along With a corrected temperature reading for the 
?rst probe. The corrected temperature reading may be 
derived from the sum of the ?rst temperature indication and 
an adjustment temperature. The corrected temperature read 
ing for the ?rst probe may be a more accurate indicator of 
an actual temperature of the substrate in the environment of 
the ?rst probe than are uncorrected readings produced by the 
?rst probe. From the emissivity sensitivity factor for the 
third probe and the adjustment temperature, an emissivity 
sensitive adjustment temperature for the third probe may be 
derived. From the emissivity sensitive adjustment tempera 
ture for the third probe and the third temperature indication, 
a corrected temperature reading for the third probe may be 
derived, Wherein the corrected temperature reading for the 
third probe is a more accurate indicator of an actual tem 
perature of the substrate in the environment of the third 
probe than are uncorrected readings produced by the third 
probe. 

Aspects of the invention include numerous features. A 
corrected temperature reading for the third probe may be the 
sum of the product of the adjustment temperature multiplied 
by a sensitivity factor for the third probe and the third 
temperature indication. The sensitivity factor may be com 
puted by determining a temperature variation from an aver 
age temperature applied to a calibration substrate for a 
plurality of calibration substrates having predetermined 
emissivity levels. The plurality of calibration substrates may 
include at least one substrate having a high emissivity level, 
at least one substrate having a loW emissivity level and at 
least one substrate having an emissivity level betWeen the 
high and loW levels. 

The sensitivity factor for the third probe may be deter 
mined by a straight line approximation of a sensitivity curve 
associated With the corrected temperature derived for the 
?rst probe and the temperature variation derived from the 
calibration substrates. 

Each probe may include an optical ?ber for transporting 
radiation collected at the re?ector to a pyrometer and Where 
the vieW angle is reduced by including an aperture at the 
?ber output. Each probe may collect radiation through a 
conduit located in a re?ector positioned opposite the sub 
strate in the thermal processing chamber and Where the 
effective re?ectivity of a probe is varied by varying a 
numerical aperture for the probe. The ?rst and second probes 
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4 
may measure radiation through a same conduit. The ?rst and 
second probes may measure radiation through the same 
conduit by coupling tWo optical ?bers to the same conduit 
Where each optical ?ber is coupled to a pyrometer. Each 
optical ?ber may be coupled to different channels of one 
pyrometer and Where the numerical aperture for the different 
channels is user selectable so as to alloW for setting different 
effective re?ectivities for each of the ?rst and second probes. 

In another aspect the invention provides an apparatus for 
measuring the temperature of a substrate in a thermal 
processing heating chamber and includes a re?ecting plate 
placed neXt to one surface of the substrate to form a 
re?ecting cavity therebetWeen, a ?rst, second and third 
probe positioned to receive energy from the re?ecting cavity 
and produce ?rst, second and third temperature indications 
respectively. The ?rst probe may have associated thereWith 
a different effective re?ectivity for the cavity than the second 
probe. The apparatus includes a temperature measurement 
module Which receives the ?rst, second and third tempera 
ture indications and an emissivity sensitivity factor associ 
ated With the third probe and derives a corrected temperature 
reading for the third probe. 

Aspects of the invention include numerous features. The 
?rst, second and third probes may comprise light pipes. The 
?rst and second probes may share a light pipe. The tem 
perature measurement module may compute the emissivity 
sensitivity factor for the third probe. The product of the 
sensitivity factor for the third probe and the adjustment 
temperature derived for the ?rst probe may be summed With 
the third temperature indication to yield the corrected tem 
perature reading for the third probe. 
Among the advantages of the invention are the folloWing. 

The invention provides real time, in situ temperature com 
pensation that accommodates variations in emissivity sen 
sitivity (across the surface of the substrate) as a function of 
temperature. The calibration procedure is simple and typi 
cally only needs to be implemented once for a given 
chamber structure. Temperature measuring according to the 
invention permits the use of stable, repeatable solid-state 
detectors. The invention enables reliable temperature mea 
surements With enhanced repeatability and uniformity. 

Other features and advantages Will be apparent from the 
folloWing description and the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagrammatic cross-sectional side vieW of a 
substrate temperature measuring scheme in Which a re?ector 
is positioned near a substrate; 

FIG. 2 is a graph of effective emissivity as a function of 
actual emissivity plotted for different values of effective 
re?ectivity; 

FIG. 3A is a cross-sectional side vieW of an RTP system; 
FIG. 3B shoWs details of the support ring; 
FIG. 3C is a cross-sectional vieW along line 3C—3C of 

FIG. 3A illustrating the re?ector; 
FIGS. 4A—4F are cross-sectional side vieWs of various 

measurement-enhancing surface features that are incorpo 
rated into the re?ector; 

FIGS. 5A—5B are ?oW diagrams of a scheme for calibrat 
ing an RTP chamber for in situ temperature correction; 

FIG. 5C is a plot derived from a the post processing 
analysis of a substrate by an ellipsometer; 

FIG. 5D is a plot of the average thickness of an oXide 
layer deposited on the surface of a calibration substrate 
during a calibration process in accordance With the present 
invention; 
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FIG. SE is a plot of a sensitivity curve for a temperature 
probe for use in determining the sensitivity factor (SF); 

FIG. 5F is a simpli?ed ?oW diagram of the process for 
determining a re?ned temperature for real time operations of 
the RTP tool in accordance With the present invention; 

FIG. 6 is a ?oW diagram of a scheme for measuring the 
emissivity in situ to enhance the accuracy of a temperature 
measurement; 

FIG. 7 is a ?oW chart of an alternative technique for 
calibrating the temperature measurement probes in an RTP 
chamber; 

FIG. 8 shoWs plots of the apparent emissivity of a small 
hole probe and of a large hole probe, both as a function of 
actual Wafer emissivity; 

FIG. 9 shoWs plots of errors for the uncorrected tempera 
ture measurements and for the corrected temperature 
measurements, both as a function of actual Wafer emissivity; 

FIG. 10 shoWs experimental values and calculated values 
for the difference in temperatures measured by the small 
hole probe and the big hole probe; 

FIG. 11 shoWs the steps of computing a corrected tem 
perature from a temperature measurement probe; and 

FIG. 12 is a schematic diagram of a temperature control 
system. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The Virtual Blackbody Cavity 
In the folloWing description, We Will refer to measuring 

the temperature of a substrate. We intend the term “sub 
strate” to broadly cover any object that is being processed in 
a thermal process chamber and the temperature of Which is 
being measured during processing. The term “substrate” 
includes, for example, semiconductor Wafers, ?at panel 
displays, glass plates or disks, and plastic Workpieces. 

To understand the present invention, it Will be useful to 
?rst revieW the emissivity enhancement technique referred 
to above. 
As shoWn in FIG. 1, a thermal re?ector 22 is positioned 

near substrate 10 to create a virtual blackbody cavity 24 
betWeen the re?ector and the substrate. If the substrate 
backside is diffuse, the radiation is emitted from it in a 
random pattern and thus the emitted radiation is re?ected 
throughout the cavity in an equally random (isotropic) 
pattern. The radiation arriving at any location on the surface 
of re?ector 22 is made up of many components: one com 
ponent is made up of the radiation coming directly from the 
substrate and has experienced no re?ections; a second 
component has experienced only one re?ection off of re?ec 
tor 22 and the backside of substrate 10; a third component 
has experienced tWo re?ections off of re?ector 22 and the 
backside of substrate 10; etc. The total intensity available at 
a point on the re?ector plate can be found by summing over 
an in?nite series of components of impinging radiation as 
folloWs: 

IT (513) 

Where the re?ectivity of the cold re?ector plate is given by 
R, the emissivity of the Wafer by e and Where (I is the 
Stefan-BoltZman constant and T is the temperature of the 
substrate. 
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6 
Assuming that the re?ectivity of the re?ector is equal to 

one (R=1), then Eq. 5B reduces to: 

in Which the radiation IT is independent of emissivity of the 
backside of the substrate. Stated differently, the re?ector 
produces a virtual blackbody cavity for Which the “effective 
emissivity” of the substrate is equal to 1. 

Note that this emissivity enhancing effect does not require 
that the backside of the Wafer be diffuse. It Will Work for 
substrates having backsides that are perfectly specular 
re?ectors as Well as for substrates having backsides that are 
highly diffuse. As noted above, semiconductor Wafer back 
sides are some combination of diffuse and specular. 
A light pipe 28 is used to sample radiation in the cavity 

through an aperture 27 in the re?ector. The sampled intensity 
is passed through an optical ?ber 30 to a pyrometer 33 Where 
it is converted to temperature by using Eq. 5, above. Because 
of the virtual blackbody cavity effect, the measured tem 
perature Will be independent of changes in emissivity of the 
substrate. 

In reality, hoWever, the re?ectivity of the re?ector, though 
close to 1, Will not be equal to 1. For one thing, the coating 
on the re?ector Will not be perfectly re?ecting. For example, 
gold Which is one of the better re?ective coating materials, 
has a re?ectivity of only about 0.975 at a Wavelength of 950 
nm (nanometers). In addition, it has become apparent that 
the presence of the one or more apertures in the re?ector for 
sampling the radiation, as Well as the overall geometry of the 
cavity (i.e., dimensions and shape), also tend to loWer the 
performance of the virtual blackbody cavity We are trying to 
create here. These geometric effects together With the actual 
re?ectivity can be lumped together into an “effective re?ec 
tivity” term Re?. Though it is possible to substantially reduce 
the impact that changes in substrate emissivity have on the 
sampled intensity, the measurements Will nevertheless not 
be completely independent of the emissivity of the substrate. 
Assuming re?ector 22 is opaque, cold, and highly re?ec 

tive (i.e., R—> 1), We can ignore the effects of radiation 
emitted by the re?ector, and the effective emissivity, £677, of 
the substrate can be approximated by: 

Where R61? is the effective re?ectivity of the re?ecting cavity. 
Note that if Ref does equal 1, then 6677 Will also equal 1 as 
it should. On the other hand, if R67? is less than 1, eeffWill also 
be less than 1 and the measured temperature Will be a 
function of emissivity. 

In FIG. 2, effective emissivity, ee?, is plotted as a function 
of the actual emissivity, e, for different values of Ref. As 
indicated, the effective emissivity of the substrate 
approaches 1 as the effective re?ectivity of the re?ecting 
cavity approaches 1. Also, as ReffQl, the effective emissiv 
ity of the substrate becomes less sensitive to changes in the 
actual emissivity of the substrate, especially for high values 
of actual emissivity. This sensitivity can be quanti?ed as 
follows: 

(1 — R,ff)-Ae (7) 

Which is obtained by taking the derivative of Eq. 6 With 
respect to e. 
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The resulting error in the temperature measurement is 
related to variations in the effective emissivity as follows: 

Using Eqs. 6 and 7, We obtain: 

AT A T (l-Re?) A5 

Note that as Re approaches one, the numerator and thus, the 
sensitivity of t?e measured temperature to changes in sub 
strate emissivity, become vanishingly small. Conversely, if 
the effective re?ectivity of the cavity is not suf?ciently high 
(i.e., close to one), the variations in the temperature mea 
surement that are due to variations in substrate emissivity 
can remain unacceptably large. 

Referring again to FIG. 1, the presence of aperture 27 
introduces a localiZed disturbance in the virtual blackbody 
cavity 24 created betWeen the re?ector and the substrate. We 
have come to realiZe that such disturbances also reduce the 
emissivity-enhancing effect produced by the re?ector. 
Moreover, the siZe of the disturbance tends to increase With 
increasing aperture siZe Thus, one approach to mini 
miZing the effect of the aperture on emissivity enhancement 
might be to reduce the siZe of the aperture. HoWever, since 
the amount of light collected by the light pipe is proportional 
to the area of the aperture, this reduces the amount of light 
collected by the light pipe Which, in turn, reduces the 
signal-to-noise ratio of the detection system. Since radiation 
intensity drops off rapidly as substrate temperature 
decreases, using a smaller aperture can signi?cantly increase 
the temperature beloW Which the detector is no longer 
useful. 
We have discovered, hoWever, that by modifying the base 

re?ector in an RTP system to include a measurement 
enhancing surface feature at the end of the light probe, We 
can further increase the virtual blackbody effect of the 
re?ecting cavity While also obtaining an improved signal 
to-noise in the sampled signal. 
An RTP System Incorporating the Invention OvervieW of 

the RTP System 
An RTP system that has been modi?ed in accordance With 

the invention is shoWn in FIG. 3A. The RTP system includes 
a processing chamber 100 for processing a disk-shaped, 
eight inch (200 mm) diameter silicon substrate 106. The 
substrate 106 is mounted inside the chamber on a substrate 
support structure 108 and is heated by a heating element 110 
located directly above the substrate. The heating element 
110 generates radiation 112 Which enters the processing 
chamber 100 through a Water-cooled quartZ WindoW assem 
bly 114 Which is approximately one inch (2.5 cm) above the 
substrate. Beneath substrate 106 is a re?ector 102 Which is 
mounted on a Water-cooled, stainless steel base 116. Re?ec 
tor 102 is made of aluminum and has a highly re?ective 
surface coating 120. The underside of substrate 106 and the 
top of re?ector 102 form a re?ecting cavity 118 for enhanc 
ing the effective emissivity of the substrate. 

The separation betWeen the substrate and re?ector is 
approximately 0.3 inch (7.6 mm), thus forming a cavity 
Which has a Width-to-height ratio of about 27. In processing 
systems that are designed for eight-inch silicon Wafers, the 
distance betWeen the substrate 106 and re?ector 102 is 
betWeen 3 mm and 9 mm, and preferably betWeen 5 mm and 
8 mm and the Width-to-height ratio of cavity 118 should be 
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larger than about 20:1. If the separation is made too large, 
the emissivity-enhancement effect that is attributable to the 
virtual blackbody cavity that is formed Will decrease. On the 
other hand, if the separation is too small, e.g. less than about 
3 mm, then the thermal conduction from the substrate to the 
cooled re?ector Will increase, thereby imposing an unac 
ceptably large thermal load on the heated substrate. Since 
the main mechanism for heat loss to the re?ecting plate Will 
be conduction through the gas, the thermal loading Will, of 
course, depend upon the type of gas and the chamber 
pressure during processing. 

The temperatures at localiZed regions 109 of substrate 106 
are measured by a plurality of temperature probes 126 (only 
tWo of Which are shoWn in FIG. 3A). The temperature 
probes are sapphire light pipes that pass through a conduit 
124 that extends from the backside of base 116 through the 
top of re?ector 102. Sapphire light pipes 126 are about 0.125 
inch in diameter and conduits 124 are slightly larger to 
enable them to be easily inserted into the conduits. 
The Emissivity Enhancing Surface Features 

In accordance With one aspect of the invention, a small 
re?ective cavity 42 (i.e., a microcavity) is formed in the top 
surface of re?ector 102 Where the conduit passes through to 
the top of the re?ector (shoWn more clearly in FIG. 4A). The 
conduit enters the small cavity forming an aperture 129 at 
the bottom of the small cavity. Sapphire light pipe 126 is 
positioned Within conduit 124 so that its uppermost end is 
?ush With or slightly beloW the bottom of microcavity 42. 
The other end of light pipe 126 couples to a ?exible optical 
?ber 125 that transmits sampled light from the cavity to a 
pyrometer 128. 

In the described embodiment, the surface microcavity is 
cylindrically shaped, has a radius (R) of about 0.100 inch 
and a depth (L) of about 0.300 inch. Aperture 129 at the 
bottom of microcavity 42 and conduit 124 are slightly larger 
than about 0.125 inch, Which as noted above, is the diameter 
of the sapphire light pipe. Surface microcavity 42 functions 
to enhance the virtual blackbody effect of re?ecting cavity 
118 that is present betWeen the backside of substrate 106 and 
the top of re?ector 102, thereby increasing the effective 
emissivity of the substrate to a value that is even closer to 
one. The cylindrical microcavity both increases the signal 
to-noise ratio of the sampled signal that is detected by the 
light pipe and it functions to increase the effective emissivity 
of the substrate (or equivalently, the effective re?ectivity of 
the re?ecting cavity). We further note that the enhancement 
effect does not appear to be strongly dependent on Whether 
the probe end is ?ush With the bottom of surface microcavity 
42 or is placed beloW that point, recessed Within conduit 
124. Thus, the operation of inserting the probe into the 
conduit during the assembly of the re?ector is made easier 
by not having to satisfy close critical tolerances regarding 
the placement of the probe end. HoWever, the probe end 
should not protrude into the surface microcavity since this 
seems to degrade the enhancement effect. 
Assuming perfectly re?ecting sideWalls in the cylindrical 

microcavity, the enhancement effect caused by the cylindri 
cal microcavity increases as the L/R ratio of the microcavity 
increases. HoWever, since the sideWalls are not perfectly 
re?ecting, the more times the collected radiation re?ects 
back and forth Within the cavity, the more its signal strength 
Will be diminished by the losses Which occur upon each 
re?ection. Therefore, as a practical matter there is a limit to 
hoW large one can make the L/R aspect ratio of the cylin 
drical microcavity and still obtain improvements in perfor 
mance. 

Surface microcavity 42, Which is formed around the end 
of the probe, appears to Work by increasing the level of 
























